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A dry single-step process for enhancing the surface area of a silicon microcantilever is described. In this process, a flat microcantilever is irradiated with $100-femto-second-long laser pulses. The silicon surface melts and rapidly cools, resulting in the formation of nanoscale pillars. The shape and size of these nanostructures can be tuned by changing the energy of the pulses. Resonance measurements on surface-enhanced microcantilevers show that the irradiation process reduces the stiffness and the resonance frequency of the cantilevers. Fluidic dissipation measurements provide an estimate for the surface area increase. Both the enhanced surfaces and the fluidic characteristics of these microcantilevers may be useful in bio-chemical sensing applications. The microcantilever resonator is at the heart of numerous promising applications in micro and nanotechnology. 1 One such application is resonant bio-chemical sensing: here, one monitors the resonant oscillations of a microcantilever in order to detect small amounts of mass adsorbed on the microcantilever surface. [2] [3] [4] Shrinking the linear dimensions l Â w Â t [ Fig. 1(a) inset] of a microcantilever typically increases its mass sensitivity in resonant mass sensing.
1 This is because the cantilever effective mass M, which determines the mass sensitivity, is a linear function of the cantilever dimensions. However, as the cantilever dimensions are reduced, the surface area S of the cantilever goes down in addition to M. Since the capture of the analyte molecules is typically accomplished by a functional monolayer on the surface, the active sensing area of the cantilever sensor is reduced as a result of simple scaling.
To counter this, one must find ways to enhance the active sensing (surface) area of small devices. Various methods have been reported up to date. 5, 6 However, these methods typically require multiple complicated micro-fabrication steps. Here, we report a single-step process to enhance the surface area of a microcantilever sensor. Our approach is based on irradiating the cantilever surface using a femto-second (fs) laser. It has been shown that exposure of silicon to fs pulses under the right conditions can generate structures on the surface with sub-micron linear dimensions. [7] [8] [9] To assess the effects of irradiation on the sensor properties, we investigate the change of the various parameters of the cantilever.
Our process is carried out using 400 nm light from a frequency-doubled amplified Ti:Sapphire laser. We use a 1 kHz train of 100 fs pulses with varying power to generate the surface modification. In this study, we have varied the average laser power from 60 mW to 100 mW (corresponding to a pulse energy of 60-100 lJ). The spatial profile of the laser pulses is nearly Gaussian with a beam waist of about 40 lm at the focal point. The irradiation of the cantilevers is done on a custom-made sample holder, which is filled with water. Thermal conduction through water prevents excessive temperature rise on the cantilevers during irradiation. The sample holder is mounted on a two-axis translation stage. The stage is rastered at a speed of 150 lm/s along the width w (y-axis) of the cantilever, and the separation between two consecutive scan lines along the length l (x-axis) is 100 lm. We typically place the cantilevers slightly out of focus [7] [8] [9] suggest that these pillars are formed due to strong absorption of the fs laser pulses by the silicon surface and the subsequent fast cooling of the molten surface. Because direct measurement of this complex three dimensional surface topography on the cantilevers is challenging, we have inferred the degree of roughness indirectly from dissipation measurements.
We now turn to a detailed experimental study of the various mechanical and fluidic properties of the irradiated cantilevers. The parameters of the untreated and irradiated cantilevers are labeled with the subscripts 0 and 'i' respectively, in what follows. We first characterize the intrinsic mechanical properties of the surface-enhanced cantilevers. The fundamental mechanical resonances of all cantilevers are measured in vacuum and under ambient atmosphere both before and after irradiation. Here, the cantilevers are excited by a piezoelectric shaker and the ensuing motions are detected using a Michelson interferometer. 10 All resonance lineshapes obtained can be fitted by Lorentzians. Figure 2 . The fluidic quality factor Q f , which is found by properly subtracting Q v from the atmospheric quality factor Q atm , i.e., Q
v , also goes down. This effect is noticeable in columns labeled Q f 0 and Q fi in Table I .
The downward shift in the cantilever resonance frequency can be caused by a reduction in the stiffness K or an increase in mass M. Given that a mass increase during irradiation is rather improbable, K must go down. To provide support for this argument, we have measured K directly from the thermal-mechanical fluctuations, hz 2 i, of the cantilever tip: K % k B T hz 2 i , where k B T is the thermal energy. Figure 2(b) shows the thermal spectra of the same 125 Â 35 Â 4 lm 3 cantilever before and after irradiation with 75 mW/cm 2 power. These measurements are performed under ambient atmosphere. The noise spectral density can be integrated for both (before and after) curves to obtain hz Next, we turn to the decrease in fluidic quality factor Q f (or the increase in fluidic dissipation 1=Q f ) as a result of irradiation. Since the frequency is low, the surrounding air can be treated as a viscous fluid. 11 An approximation for Q f can be found as 
Here, C 0 ðxÞ and C 00 ðxÞ are the real and imaginary components of the complex hydrodynamic function, and q Si and q air are the respective densities of Silicon and air. In order to see any irradiation effects, one must compare the fluidic dissipation between cantilevers of the same size and deconvolute any trends arising from the difference in resonance frequencies. In a gaseous medium, the virtual fluid mass is small and its contribution to dissipation can be neglected, resulting in Q f % pq air w , depends only on the linear dimensions w and t of the cantilever. We can, therefore, elucidate the effects of irradiation on the surface by forming the ratio,
. Figure 3 (main) shows
for cantilevers with the same linear dimensions of
. The fact that
all irradiated cantilevers suggests that the effective surface area 13 of the cantilevers increases as a result of irradiation. It is clear that the average macroscopic linear dimensions of the cantilevers do not change upon irradiation; the result suggests a microscopically rougher surface, S i > S 0 , where S 0 % 2wl
The surface enhancement described here has a variety of potential applications. One such application is in antiwetting or low adhesion coatings for MEMS and NEMS. To demonstrate this, we have vapor-coated the surface enhanced cantilever by fluorinated-silane (1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane). Figure 4 (a) shows two water droplets placed on the cantilever chip, one on the region roughened by irradiation and the other on the flat chip surface. Clearly, the irradiation makes the chip surface superhydrophobic with contact angle around 155
. To see whether or not the cantilever surface also becomes superhydrophobic, we have further imaged the samples in an environmental scanning electron microscope (ESEM). Water condensation is induced on the chip by increasing the water vapor pressure in the ESEM chamber from 600 Pa to 700 Pa while holding the temperature of the sample constant at 0 C. Figure 4 (b) shows the condensation of water droplets on the rough areas of the silanized chip. Figure 4(c) shows the condensation on the cantilever surface. While the contact angle varies between micro-droplets, the cantilever surface appears superhydrophobic. The average contact angle on silane coated rough cantilever surfaces is found to be $115
. The variation in the contact angle, apparent in Fig. 4(c) , is due to electron beam degradation of the silane coating. 14 In conclusion, we have developed a dry single-step process to enhance the surface area of microcantilevers. The process could be applied to MEMS and NEMS based sensors. This process can also be useful in fundamental studies, such as correlating the effect of nanoscale roughness to energy dissipation in mechanical resonators under a variety of conditions. 
